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RNAWe employed SELEX (systematic evolution of ligands by exponential enrichment) and identiﬁed high afﬁnity
RNA aptamers to the hepatitis C virus NS5B RNA-dependent RNA polymerase (RdRp). GC-rich stretches were
identiﬁed in many of the aptamers. Deletion of the 5′-end single-stranded GC-stretch (CGGG) of the highest
binding RNA impaired the binding and the inhibitory activity of the RNA to NS5B RdRp. The majority of the
mutants with a single base substitution on the CGGG motif exhibited weaker binding to NS5B. Interestingly,
the CGGG motif is present on the stem structure of the NS5B coding RNA (5BSL3.2), which is considered to be
an important cis-acting replication element. The 5BSL3.2 RNA showed substantial binding to NS5B, while a
point mutation on the CGGG motif reduced the binding of RNA to NS5B. These results suggest a GC-stretch to
be the RNA element recognized by NS5B.© 2009 Elsevier Inc. All rights reserved.Introduction
Hepatitis C has spread across theworld, and the estimated number
of the patients infectedwith the virus now exceeds 170million (World
Health Organization, 1999). After infection with hepatitis C virus
(HCV), more than 70% of the patients become virus carriers and
develop chronic hepatitis, which frequently progresses to liver
cirrhosis and hepatocellular carcinoma.
HCV belongs to the Flaviviridae family and its particle contains a
single-stranded RNA genome. In addition to the core and envelope
structural proteins, HCV produces non-structural proteins such as
NS2, NS3, NS4A, NS4B, NS5A and NS5B. Among these, the NS3
protease–helicase and the NS5B RNA-dependent RNA polymerase
(RdRp) are known to be key enzymes involved in viral RNA replication
and therefore are common targets for antiviral agents. In vitro
experiments have indicated that the RdRp activity of NS5B catalyzes
the polymerization of ribonucleoside triphosphates during RNA
replication (Behrens et al., 1996).
Although extensive effort has been directed toward an under-
standing of HCV replication, the precise molecular mechanism of the
viral replication still remains unclear (Appel et al., 2006). Recent
studies have revealed that the viral replication complex resides inmori).
harmaceuticals International
ll rights reserved.the intracellular membrane structure of host cells. In addition to the
NS proteins of HCV, cellular factors such as hVAP-33 (the human
homologue of the 33-kDa vesicle-associated membrane protein-
associated protein), FBL2 and cyclophilin B are known to be involved
in the replication complex (Hamamoto et al., 2005; Tu et al., 1999;
Wang et al., 2005; Watashi et al., 2005). Despite the fact that HCV
replication is under the control of intricate cellular mechanism in
the host, the initial interaction between NS5B and viral RNA is
highly likely to play an important role in the replication process of
the virus RNA. The RNA structure on the X-tail region in the 3′-
nontranslated region (NTR) of the HCV RNA (3′SL2) as well as a
stem–loop structure on the NS5B coding RNA (5BSL3.2) are known
to be key cis-acting replication elements (Friebe et al., 2005;
Kolykhalov et al., 1996; Lee et al., 2004; Tanaka et al., 1995; Yamada
et al., 1996). Earlier studies had indicated that NS5B binds to the X-
tail RNA and a poly(U/UC) tract on the 3′-NTR (Cheng et al., 1999;
Oh et al., 2000). Recent studies have revealed that the NS5B coding
RNA exhibits tighter binding to NS5B (Kim et al., 2002; Lee et al.,
2004). Moreover, 5BSL3.2 and 3′SL2 have been shown to have the
potential of interacting with each other via the long-range
pseudoknot base-pairing essential for viral replication (Friebe
et al., 2005). Therefore, these sequences have been suggested as
candidate NS5B target sequences. In addition, a more recent study
by Diviney et al. (2008) has provided evidence that the long-range
RNA interaction between 5BSL3.2 and its approximately 200 base
upstream RNA element are important for the viral replication
process.
92 H. Kanamori et al. / Virology 388 (2009) 91–102The accumulated evidence from studies on the characterization of
the NS5B–RNA interaction indicates that NS5B recognizes multiple
RNA sequences, including cellular mRNA such as rat dimerization
cofactor of hepatocyte nuclear factor 1αmRNA (Behrens et al., 1996),
and yet, has preferential binding to some RNA sequences over others.
Experiments using RNA homopolymers indicated that poly(U) RNA
has a higher binding afﬁnity to NS5B than the other homopolymers
(Lohmann et al., 1997).
SELEX (systematic evolution of ligands by exponential enrich-
ment) is a powerful tool to pull out high afﬁnity RNA ligands
(aptamers) from random RNA sequences, and provides information
on the RNA sequences binding to target molecules (Gold et al.,
1995; Szostak, 1992). Aptamers against viral products are also
important because they have the potential for therapeutic applica-
tions (Bellecave et al., 2003; Kikuchi et al., 2005; Nimjee et al.,
2005). Two other independent groups have identiﬁed several
different sets of high afﬁnity binding aptamers that bind to NS5B
and have inhibitory activities against NS5B RdRp (Biroccio et al.,
2002; Vo et al., 2003). More recently, a SELEX study using the NS5B
of genotype 3a has indicated that the binding of RNA may have
genotypic speciﬁcity (Jones et al., 2006). To date, no sequence
element on the HCV RNA has been identiﬁed that has similarity
with the NS5B binding sequence elements identiﬁed on the RNA
aptamers.
In the present study, ﬁrst, to simplify the analysis we used shorter
randomRNA sequences (25 nucleotides) than those used in the earlier
studies (Biroccio et al., 2002; Vo et al., 2003) for the selection of NS5B
binding RNA. Second, we also carried out in vitro mutagenesis of one
of the aptamers not only to obtain stronger binding RNA to NS5B, but
also to further obtain information regarding the RNA motifsFig. 1. Increase in the binding ability to NS5B observed in the in vitro selected RNA ligands.
further details). (B) Dot blot analysis of each RNA pool which underwent a different num
determined by the quantiﬁcation of each dot spot and plotted on a bar graph. Relative binding
were determined by employing a dot blot experiment. Data were ﬁt using KaleidaGraph (Sy
binding and x is the protein concentration. (D) The relative binding strength of individual
plotted relative to that of the highest binder, P7-1, which was set equal to 100. The nucleotresponsible for high afﬁnity binding to NS5B. Finally, by analyzing
the deleted RNA clones, we minimized the required size of the NS5B
potent binding RNA to a 37-nucleotide length and identiﬁed the CGGG
motif as a key element, an element which is also present on the NS5B
coding RNA sequence.
Results
In vitro selection of high afﬁnity RNA aptamers exhibiting speciﬁc
binding to NS5B
Selection of the high afﬁnity RNA aptamers to NS5Bwas carried out
as schematically shown in Fig. 1A. For the target of the aptamer
selection, we used the C-terminal 21 amino acid-truncated NS5B
(genotype 1b) protein fused with glutathione-s-transferase. A pool of
RNA was added to the protein on glutathione-agarose beads to allow
the binding of high afﬁnity RNA molecules to the protein. The bound
RNAmolecules were recovered, RT-PCR ampliﬁed and subjected to the
iterative selection cycles to obtain high afﬁnity binding RNA pools.
Binding capacity of the pools of RNA was examined by dot blot
analysis (Fig. 1B). Pools of RNA appeared to be enriched at relatively
early cycles of selection. Even the pool 1 RNA, which underwent only a
single selection cycle, exhibited increased binding compared with the
RNA of the initial pool. After only 3 or 4 cycles of selection, the binding
reached a plateau. The binding curves of the RNA pools (Fig. 1C)
indicate an increase in the binding with increasing numbers of
selection cycles.
We evaluated individual RNA clones from pool 0 and pool 7 for
binding to NS5B (Fig. 1D). The overall binding of the RNA from pool 7
appeared to be stronger than that from pool 0. Nucleotide sequences(A) Scheme for in vitro selection of high afﬁnity binding RNA to NS5B (see the text for
ber of selection cycles is shown on the upper portion. Relative binding to NS5B was
of pool 5 RNAwas set equal to 100. (C) The binding curves of RNA pools (pool 0,1 and 7)
nergy Software) to the equation y=ax/(Kd+x), where a is the maximum capacity of
RNA clones from pool 0 and pool 7 were determined by dot blot analysis. Binding was
ide sequences of the pool 0 and pool 7 clones in the boxes are shown in Fig. 2A.
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pool 0 are presented in Fig. 2A. Although an obvious consensus motif
was not found from these sequences, it is notable that GC-rich
stretches (underlined) are present in the pool 7 clones, but were not
present in the pool 0 clones.
The secondary structure of the highest binding clone, P7-1,
predicted from the MFOLD computer analysis (Zuker, 2003), revealed
that there are two stem–loop structures (SL1 and SL2, Fig. 5A). SL1 is
derived from the 5′-primer annealing sequence and is common to all
the RNA clones we obtained. SL2 is a stem–loop structure composed of
a 25-nucleotide unique sequence (shown in upper case letters) and
the 3′-primer annealing constant sequence (shown in lower case
letters).
We investigated whether the RNA clones from pool 7 share
consensus motifs with P7-1 and found 6 clones among 45 pool 7 clones
contain sequences similar to the motif GCGGCACA (Fig. 2B). The
GCGGCACA sequence appears to contribute to the formation of a stem
structure in the case of P7-1 (Fig. 5A). Part of the 3′-constant sequence
(ugccg) derived from the 3′-primer annealing site forms a double-
stranded structure with the motif, resulting in a lower 5-bp stem
formation. The last two nucleotides (CA) of the motif contribute to an
internal loop formation.
Analysis of point mutated RNA clones
In order to further analyze the binding sequences and to obtain
more potent binders, we introduced point mutations into P7-1 andFig. 2. Sequences of RNA clones selected for increased binding to NS5B. (A) Nucleotide seque
weak binders from pool 0 are shown. Relative binding by the strongest binder, P7-1, was se
region of the pool 7 clones that contained the GCGGCACA motif or similar sequences are shtested 17 mutant clones for binding to NS5B (Fig. 3). Seven of the
mutated RNA clones retained the original structure of P7-1 (Fig. 3,
Group A). Three mutant clones (Group B) possessed an enlarged
hairpin-loop, but otherwise retained the original structure (data not
shown). The RNA clones belonging to group A and B exhibited similar
binding strength to the original clone (94–129% of P7-1) except for
M20. M20, which has only a single nucleotide substitution of G by C in
the 5′-end GC-stretch (a change from CGGGCGGC to CGGCCGGC), had
a considerably reduced binding strength to NS5B (23% of P7-1). RNA
secondary structural alterations were induced by the mutations in the
group C RNA. M33, which was obtained by two nucleotide substitu-
tions in P7-1, exhibited the strongest binding signal.
RNA gel mobility shift analysis also indicated that M33 displayed
potent binding to NS5B, while M20 RNA did not exhibit any binding
(Fig. 4A). The predicted secondary structures of the aptamers P7-1
and M33 are shown in Fig. 5A. The 5-bp lower stem, the 3-bp upper
stem and the hairpin-loop of SL2 are well conserved between the
original clone (P7-1) and the stronger binder (M33), however, there is
a difference in the positions of the bulge and the internal loop. This
structural difference between the RNA clones suggests that the bulge
and/or the internal loop could have a role in NS5B binding.
RNA hairpin-loop structures often play an important role in the
binding of RNA to other molecules (Svoboda and Di Cara, 2006). We
obtained 2 clones with a mutation in the hairpin-loop portion of SL2
(M19 and M23) among the mutants without any secondary structural
change (Fig. 3, Group A). BothM19 and M23 exhibited similar binding
signals to the original RNA (102 and 98% of P7-1, respectively). Thisnces of the middle 25-nucleotide region of the highest ten binders from pool 7 and four
t equal to 100. GC-stretches are underlined. (B) Sequences of the middle 25-nucleotide
own. Nucleotides that do not match the sequence are shown in lower case letters.
Fig. 3. Sequences and binding activities of RNA clonesmutated from P7-1. Themutated nucleotides in the tested RNA clones containing three or fewer point mutations are shown. The
relative binding of each RNA to NS5B was determined by dot blot analysis. The relative binding to NS5B by P7-1 RNAwas set equal to 100. Mutants were categorized into three groups
by their predicted secondary structures (Group A, B and C, see the text for details). The sequence of P7-1 RNA is shown on the top portion for comparison. The numbers at the top and
bottom portions indicate the nucleotide position. Nucleotides on the hairpin-loop structure (position 21–24) are boxed.
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be as important as the other structural components for binding to
NS5B.
Although the selection of binding RNA was performed using GST-
fused NS5B, we have conﬁrmed that M33 RNA binds to GST-free NS5B
by employing RNA gel mobility shift analysis (Figs. 4B, C). In the
presence of the truncated NS5B protein (NS5B-GST(−), Fig. 4B), M33
RNA was shifted, but not in the presence of the GST protein (Fig. 4C).
To further evaluate the binding speciﬁcity of the aptamer, we tested
two other RNA binding polymerases, Moloney murine leukemia virus
reverse transcriptase (MMLV-RT) and avian myeloblastosis virus
reverse transcriptase (AMV-RT) (Fig. 4D). The aptamer M33 exhibited
very weak binding toMMLV-RTand AMV-RTcomparedwith its potent
binding to the NS5B protein.
Because SL1 is common to all of the RNA aptamers analyzed, we
thought SL2 would be an essential region for the binding to NS5B. The
39-nucleotide M33SL2 RNA exhibited substantial binding to GST-
NS5B, albeit at a reduced level compared with the full-length M33
RNA (59 nucleotides) on the RNA gel mobility shift analysis (Fig. 4E).
In contrast, SL1 alone did not exhibit any binding to NS5B (Fig. 4F). The
SL2 ofM33 RNA (M33SL2) boundmore potently than that of P7-1 RNA
(P7-1SL2), while M20SL2 exhibited very poor binding to NS5B (Fig.
4G). These results indicate that the SL2 region confers the binding
properties of the full-length RNA aptamers to NS5B.
M20 RNA is a mutated clone derived from P7-1 RNA (Fig. 5B). We
also generated a similar mutated version from the M33SL2 RNA (Fig.
5C, M33SL2G4C) and tested the binding to NS5B (Fig. 4H). Compared
toM33SL2 RNA, the binding signal of themutated RNAwas reduced to
approximately half.
The substituted nucleotide Cs on both M20SL2 and M33SL2G4C
appear to form a C–G base pair resulting in one base pair longer lower
stem formation and one nucleotide shorter 5′- and 3′-overhangs (Figs.
5B, C). A question is whether the length of the lower stem affects the
binding activity. Thus, we chemically synthesized RNA oligonucleo-
tides that have one base pair longer lower stems with the 5′-end
CGGG or CGGC single-strand region, and evaluated the binding to
NS5B (Figs. 5B, C). Clearly, RNA clones with CGGG motifs on single-
stranded portions (M20SL2G4 andM33SL2G4CG4) exhibited stronger
binding to NS5B than those with CGGC motifs (M20SL2G4C and
M33SL2G4CG4C). In contrast, comparison of the binding of RNAwith adifferent lower stem length (either P7-1SL2 and M20SL2G4 (Fig. 5B),
or M33SL2 and M33SL2G4CG4 (Fig. 5C)) revealed that the length of
the lower stem appeared to not be the determinant factor for binding.
Analysis of the deleted RNA clones
We then made deletion mutants from M33SL2 RNA and tested the
binding to NS5B by employing RNA gel mobility shift analysis (Fig. 6).
The M33SL2 RNA consists of a stem–loop structure with a hairpin-
loop, an internal loop (IL) and a bulge (B) ﬂanked on either end by
single-stranded stretches (4 and 2 nucleotides on the 5′- and 3′-ends,
respectively, Fig. 6A). By deleting the 5′-end 4 nucleotides (CGGG),
RNA aptamers (M33SL2Δ5′, M33SL2Δ5′ Δ3′) lost the binding to NS5B,
while deletion of 3′-end 2 nucleotides (GA) did not affect the binding
very much (Fig. 6B, M33SL2Δ3′).
MFOLD analysis of the bulge and/or internal loop deleted RNA
aptamers revealed that the deleted RNA clones retained the stems and
the terminal loop structures of the M33SL2 RNA (Fig. 6C). Deletion of
the internal loop or the bulge from M33SL2 RNA reduced the binding
of RNA to NS5B (34 and 72% for M33SL2ΔIL and M33SL2ΔB,
respectively). Deletion of both structures reduced the binding
drastically (97% and 98% for M33SL2ΔILΔB and M33SL2ΔILΔBΔ3′,
respectively). In addition to the essential 5′-ﬂanking single-stranded
CGGG sequence, these structures are also required for the maximal
binding of the RNA to NS5B.
Since the 5′-single-stranded CGGGmotif of M33SL2 appeared to be
essential for binding to NS5B, we made a series of progressive
deletions of the 5′-end of an aptamer M33SL2Δ3′ (D0), and employed
an RNA gel mobility shift assay to evaluate the importance of the
sequence for the binding to NS5B. Progressive deletion of the 5′-end
nucleotides (D1, D2, D3 and D4=M33SL2Δ5′ Δ3′) from the RNA
resulted in a progressive diminution in the binding to NS5B (Fig. 6D).
To further analyze the precise sequence requirement of the 5′-
single-stranded element, we evaluated the NS5B binding of RNA with
single base substitutions on the CGGGmotif of the M33SL2Δ3′ RNA by
RNA gel mobility shift analysis. The number of the tested mutants was
limited to 6 because some of the mutated clones had RNA secondary
structural alterations, which made them inappropriate for the
analysis. Substitution of the ﬁrst C to U (C1U) appeared to not
inﬂuence the binding activity (Fig. 6E), which is in accord with the
Fig. 4. Evaluation of the RNA–NS5B binding by RNA gel electrophoretic mobility shift assays. (A) RNA gel mobility shift analysis using M20 and M33. (B) A 94-kDa GST-NS5BΔ21
protein (GST-NS5B) and a 65-kDa NS5BΔ21 protein (NS5B-GST(−)) were prepared as described in “Materials and methods”. The proteins (7 μg each) were run on SDS-
polyacrylamide gel electrophoresis and stained by Coomassie Blue. (C) Interaction of M33with either the GST protein, GST-NS5BΔ21 (GST-NS5B) protein or GST-truncated NS5BΔ21
protein (NS5B-GST(−)) was analyzed by an RNA gel mobility shift assay. (D) M33 was either incubated with 5, 10 or 20 nM of GST-NS5BΔ21 (NS5B), MMLV-RT or AMV-RT and the
mixtures were run on a gel. RNA gel mobility shift analysis was performed using (E)M33 and the SL2 portion of M33 (M33SL2) (F) The SL1 and SL2 portions of M33 (G) SL2 regions of
P7-1 (P7-1SL2), M33 (M33SL2) andM20 (M20SL2) (H) M33SL2 and M33SL2G4C (Fig. 5C). [32P]-labeled RNA probes were incubated with (+) or without (−) GST-NS5BΔ21 (NS5B)
and the mixtures were run on a 5% polyacrylamide gel in 0.25× Tris borate/EDTA buffer. Open arrows indicate RNA probes. Solid arrows in panels A, C–H indicate the positions of the
RNA–protein complexes.
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shown in Fig. 3. In contrast, the G stretch, especially G3 and G4,
appeared to be important for the binding to NS5B. The G3A or the G4U
substitution reduced the binding drastically. These results, together
with the impaired binding by M20 and M20SL2, indicate that the G
stretch is important for binding, while the ﬁrst C may be replaced by
other nucleotides without reducing the binding of the RNA.Inhibition of RdRp activity by aptamers against HCV NS5B
We used a primer dependent RdRp assay system to evaluate the
inhibitory effects of the RNA aptamers on the RdRp activity of NS5B
(Fig. 7). The inhibitory effects against RdRp activity correlated well
with the binding of RNA to NS5B. RdRp activity was suppressed by the
presence of P7-1 RNA, while P0-2 RNA from pool 0 did not affect the
Fig. 5. Secondary structures and binding strengths of mutated RNA clones. (A) Predicted secondary structures of P7-1 (SL1 and P7-1SL2) and M33 (SL1 and M33SL2) by MFOLD
computer analysis (Zuker, 2003) are shown. SL1 is composed of 20 nucleotides and is common to the RNA aptamers in the present study. SL2s consist of 25 nucleotides with unique
sequences (shown in upper case letters) and the primer annealing constant sequence (shown in lower case letters). Filled circles near each nucleotide indicate the CGGGmotifs. M33
was obtained by substituting 2 nucleotides of P7-1 (substituted nucleotides on P7-1 are shown by arrows, those onM33 are circled). By using P7-1SL2 (B) andM33SL2 (C) as starting
RNA, a series of mutated RNA clones were chemically synthesized. The relative binding ability of each RNA oligonucleotide to NS5B was determined by RNA gel mobility shift analysis
and is shown at the bottom of each RNA secondary structure determined by MFOLD analysis. Relative binding by P7-1SL2 (B) or M33SL2 (C) was set equal to 100, respectively.
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activity more efﬁciently than P7-1 did, while the inhibitory effect of
the weakly binding mutant, M20, was less (Fig. 7A, maximum 21%
inhibition). The SL2 regions of bothM33 and P7-1 exhibited inhibitory
effects against NS5B RdRp (Fig. 7B), while SL1 RNA did not exhibit any
inhibitory effect (Fig. 7C). The SL-2 region of the weak binder, P0-2
(P0-2SL2), as well as those of the weak-binding mutants (M20SL2,
M33SL2Δ5′ and M33SL2Δ5′ Δ3′) exhibited very poor inhibitory
activity against NS5B RdRp (Figs. 7B, C).
We next tested whether NS5B was able to use the RNA aptamers
as substrates (Fig. 7D). RNA products having an identical length as
the template RNA (5′-labeled-P7-1SL2) appeared to be generated in
the presence of the RNA aptamers (P7-1SL2, M20SL2 and M33SL2).
In the absence of MnCl2, which is known to be required for
polymerase activation, RdRp products were not detected. Comparedwith the RdRp product generated by 98-nucleotide 3-′X RNA, the
amount of the RdRp product generated from P7-1SL2 RNA was small.
Therefore, it is not likely that the inhibition of the RdRp activity by
the aptamers is caused by the usage of the catalytic site of the
enzyme. It is more likely that the binding of the aptamers to NS5B
causes an allosteric change of RdRp, resulting in the decreased
activity of the enzyme.
The CGGG motif is present on the HCV NS5B coding RNA
It is known that NS5B binds to a poly(U/UC) tract and the X-tail on
the 3′-NTR, as well as to the C-terminal portion of the coding RNA
sequence of HCV (Lee et al., 2004). Because the CGGG motif appeared
to be essential for the tight binding of the aptamers we analyzed, we
searched these viral RNA regions for the CGGG sequence and
97H. Kanamori et al. / Virology 388 (2009) 91–102identiﬁed the sequence on the NS5B coding RNA (Fig. 8A). Themotif is
located on the stem structure of the 5BSL3.2 RNA, which has been
demonstrated to be essential for viral replication (Friebe et al., 2005;Fig. 6. Analysis of deletion mutants of M33SL2 by RNA gel mobility shift assays. (A) A predict
were removed to obtain deleted RNA clones for analysis in panels B and C. (B) RNA gel mob
M33SL2Δ3′ and M33SL2Δ5′ Δ3′ lacking the 5′-single-stranded region, the 3′-single-strande
M33SL2 and the deleted RNA clones; M33SL2ΔIL, M33SL2ΔB, M33SL2ΔILΔB and M33SL2
respectively. (D) The 5′-end ofM33SL2Δ3′ RNA (D0)was deleted and analyzed by RNA gelmo
4 nucleotides of M33SL2Δ3′ (D0), respectively. Chemically synthesized RNA oligonucleotides
NS5BΔ21 (NS5B), and the mixtures were run on a gel. Numbers at the bottom indicate the r
complexes. (E) RNA clones with a nucleotide substitution introduced on the 5′-end CGGGmo
are shown. The relative binding ability to NS5B was evaluated by RNA gel mobility shift anaYou et al., 2004). On the other hand, a UGGG or AGGG sequence, which
is presumed to be able to substitute for the CGGG sequence without
diminishing the binding ability of the aptamer RNA, was not found ined secondary structure of M33SL2. Combinations of the boxed portions (5′, 3′, IL and B)
ility shift analysis using M33SL2 and its 5′- and/or 3′-deleted RNA clones; M33SL2Δ5′,
d region and both from M33SL2, respectively. (C) RNA gel mobility shift analysis using
ΔILΔBΔ3′ lacking IL, B, IL+B and IL+B+the 3′-single-stranded region of M33SL2,
bility shift analysis. D1, D2, D3 and D4 (=M33SL2Δ5′Δ3′); lacking the 5′-end 1, 2, 3 and
were 5′-[32P]-labeled and incubated in the presence (+) or in the absence (−) of GST-
elative intensities of the shifted bands. Arrows indicate the positions of the RNA–NS5B
tif of M33SL2Δ3′were tested for the binding abilities to NS5B. The mutated nucleotides
lysis.
Fig. 7. Inhibition of RdRp activities by RNA aptamers. (A) Suppression of the RdRp activities by a pool 0 RNA (P0-2), a pool 7 RNA (P7-1) and mutants derived from P7-1 (M20 and
M33). RdRp activities weremeasured in the presence of the RNA clones (0, 50,100 and 200 nM) andwere plotted on a graph. (B) Suppression of the RdRp activities by the SL2 regions
of the RNA clones (P0-2, P7-1, M20 andM33). RdRp activities were measured in the presence of SL2 RNA (0, 400, 800 and 1600 nM) andwere plotted on a graph. The RdRp activity in
the absence of RNA aptamers was set equal to 100. (C) Suppression of RdRp activities by M33SL2, M20SL2, M33SL2Δ5′, M33SL2Δ3′, M33SL2Δ5′ Δ3′ and SL-1. The GST-NS5BΔ21
protein was preincubated with the competitor RNA clones (50 nM) and the RdRp activities were measured. The percent inhibition by M33SL2 was set to 100 and the relative
inhibition by each RNA is shown by a bar graph. (D) NS5B RdRp assay using RNA aptamers as templates. In vitro RdRp reactions were performed using P7-1SL2, M20SL2 or M33SL2 as
template in the presence or absence of MnCl2. The RNA products were run on a denaturing acrylamide gel. The RdRp products are indicated by the arrow. The P7-1SL2 RNA (39 bases)
was 5′-labeled and run for size reference (left panel). On the right panel, RdRp products generated by using the 98-nucleotide 3′-X RNA and P7-1SL2 RNA as templates were analyzed
by denaturing acrylamide gel electrophoresis.
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CGGG sequence was also found on the sequence element that is
located approximately 200 nucleotides upstream of 5BSL3.2, and has
been proposed to have a long-range interaction with the bulge
sequence of 5BSL3.2 (Diviney et al., 2008).
We performed an RNA gel mobility shift assay using synthetic
5BSL3.2 RNA (Fig. 8B). The 48-base-long 5BSL3.2 RNA exhibited an
upshifted band in the presence of NS5B (Fig. 8B). To examine whether
the CGGG motif on the stem structure is involved in the binding to
NS5B, we introduced a point mutation (G7C, CGGG to CGGC) with a
compensatory (C42G) mutation on the stem structure of the 5BSL3.2
RNA (Fig. 8A, 5BSL3.2G7C). The 5BSL3.2G7C RNA showed reduced
binding to NS5B (Fig. 8B, 52% of 5BSL3.2), indicating the requirement
of the motif for the maximal binding to NS5B. Replacement of the ﬁrst
C on the CGGGmotif of 5BSL3.2 to U or A did not reduce the binding of
the RNA to NS5B (Figs. 8B, 5BSL3.2C4U and 5BSL3.2C4A). The result
supports the notion that the ﬁrst C of the motif may be less important
(Fig. 3, M51, Fig. 6E).The inhibitory activities of 5BSL3.2 and its mutated clones against
NS5B RdRp were measured by an in vitro RdRp assay system using the
polyC template. Compared to 5BSL3.2 (51%), 5BSL3.2C4U (50%) and
5BSL3.2C4A (26%), the inhibition of the RdRp activity by 5BSL3.2G7C
was less prominent (10% of the activity, Fig. 8C).
Discussion
To obtain information on the sequence and structural require-
ments of RNA that are recognized by NS5B RdRp, we employed in vitro
selection to ﬁsh out RNA ligands against HCV NS5B from a random
RNA pool. In the present study, although the pool size of the initial
random RNA pool was as large as 1013–14, which covered approxi-
mately 1–10% of the possible combination of the random RNA
molecules (425), enrichment of the high afﬁnity RNA ligands by
SELEX reached a plateau in relatively early cycles, which is in accord
with the earlier report by Biroccio et al. (2002). While Vo et al. (2003)
repeated 20 selection cycles to obtain aptamers, wewere able to ﬁnish
Fig. 8. RNA gel mobility shift analysis using HCV 5BSL3.2. (A) The predicted secondary structures of the RNA sequences used in the experiments are shown. The ﬁlled circles near each
nucleotide indicate the CGGGmotif. Open circles indicate the mutated bases. (B) RNA gel mobility shift analysis using 5BSL3.2, 5BSL3.2G7C, 5BSL3.2C4U and 5BSL3.2C4A. Chemically
synthesized RNA oligonucleotides were 5′-[32P]-labeled and incubated with (+) or without (−) GST-NS5BΔ21 (NS5B) and subjected to gel electrophoresis. Relative binding was
calculated and is shown at the bottom. (C) Inhibition of RdRp activities by 5BSL3.2 and its mutants (5BSL3.2G7C, 5BSL3.2C4U and 5BSL3.2C4A). The experiment was performed as
described in Fig. 7C. The RdRp activity in the absence of the competitor RNA was set to 100. The relative RdRp activity in the presence of each RNA is shown by a bar graph.
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binding RNA aptamers usingmore stringent binding condition (40 nM
NaCl) in the presence of tRNA or rRNA. By employing a smaller
numbers of selection cycles, we obtained a variety of RNA elements
that recognize NS5B. We speculate that in the present study with 7
selection cycles, the RNA pool analyzed containedmultiple sets of RNA
elements that can bind to NS5B with substantial afﬁnity (Vant-Hull
et al., 1998). Therefore, since we may have missed a very small
population of binding RNA molecules during the selection procedure,
the analysis of a pool did not directly answer the question. Never-
theless, it is expected there are certain requirements for RNA to bind
tightly to NS5B. Further analysis of RNA clones with point mutations
or deletions enabled a study of the structural features of high afﬁnity
binding RNA elements and identify a GC-rich RNA motif that is
important for binding.
Secondary structural analysis of the high afﬁnity RNA aptamers to
NS5B revealed that many, but not all, of them shared common
secondary structural features. One characteristic feature was the GC-
rich stem–loop structure found in many of the high binding RNA
clones. Pool RNA clones analyzed in the present study contained twostem–loop structures (SL1 and SL2, Fig. 5A). The GCGGCACA or
similar sequences, which were found on SL2 in several of the high
binders, contributes to the formation of the stable stem structures.
The internal loop and the bulge of the M33 RNA appeared to play
some role in binding, because removal of either of the structures
reduced the binding of M33SL2 RNA to NS5B. In the earlier SELEX
studies on NS5B by two other groups, a stem–loop structure with a
bulge was also identiﬁed as an essential structure of the RNA
aptamers (Biroccio et al., 2002; Vo et al., 2003). In addition, the HCV
coding RNA, 5BSL3.2, which was identiﬁed as an NS5B binding
sequence in the present study, forms a stem–loop structure with a
bulge. This secondary structural feature could be a key for tight RNA
binding to NS5B.
Besides the contribution of GC-stretches on the structural features
of high afﬁnity RNA aptamers, the GC-stretch sequence appeared to be
important for the tight binding of RNA to NS5B as an RNAmotif. At the
5′-end of the GC-rich sequence on P7-1 and M33, the CGGG motifs
exist as a single-strand. In fact, removal or partial deletion of this
single-stranded motif drastically reduced the binding of the M33SL2
RNA to NS5B. In addition, M20(SL2) and M33SL2G4C, which were
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sequence (a change to CGGC) from the high afﬁnity RNA aptamers
(P7-1(SL2) and M30SL2, respectively), exhibited impaired binding to
NS5B. The importance of the CGGG motif on NS5B binding was
conﬁrmed by testing additional RNA mutants (Figs. 5B, C). Further-
more, analysis using RNA clones with a single nucleotide substitution
on the CGGGmotif strongly suggested the importance of the G stretch
for NS5B binding. It is notable that some of the high afﬁnity binding
pool 7 clones did not contain this motif or its variants. This indicates
that in addition to the CGGG motif and its variants, NS5B may
recognize several different sets of RNA motifs, a possibility that
requires further investigation.
HCV 5BSL3.2 is one of several stem–loop structures in the NS5B
coding RNA, and is considered to be a highly important cis-acting
replication element (Lee et al., 2004). The hairpin-loop sequence on
5BSL3.2 and the sequence on the loop of the X-tail (3′SL2) have the
potential to form a pseudoknot, which is regarded as essential for viral
replication. Mutations in its hairpin-loop or its bulge sequence have
been shown to totally block viral replication (Friebe et al., 2005; You
et al., 2004). Interestingly, the CGGG sequence is found on the lower
stem portion on the 5BSL3.2 RNA. Although there are considerable
sequence variations among different HCV clones, the CGGG motif on
5BSL3.2 appears to be highly conserved. Phylogenetic analysis
revealed that 205 out of 208 of GenBank sequences contain the
CGGG sequence in this region of 5BSL3.2, with the exception of clones
with UGGG (2 clones) or CGGA (1 clone) motif (You et al., 2004). For
these variants, the lower stem structures are supported by compen-
satory base pair changes.
The C-terminal coding RNA of HCV has been shown to have
moderate binding afﬁnity with NS5B (Lee et al., 2004). An earlier
study by Zhang et al. (2005) has also suggested the binding of
5BSL3.2 RNA to the NS5B protein, based on a competition RNA
electrophoretic mobility shift assay in which crude HegG2 cell
extract was used as the protein source. In this study, the speciﬁc
binding of the 48-nucleotide length 5BSL3.2 coding RNA to NS5B
was conﬁrmed by using recombinant NS5B protein. The importance
of the CGGG motif on HCV RNA-NS5B interaction was tested in the
present study by analyzing the mutated 5BSL3.2 clones. By
introducing a point mutation on the CGGG motif on the stem
structure (to CGGC), with a compensatory mutation on the paired
nucleotide that supports the lower stem structure, the binding of
5BSL3.2 to NS5B was reduced to half, which is in accord with the
reduced viral replication activity (60%) caused by the substitution
of the lower stem of the 5BSL3.2 RNA sequence (Friebe et al., 2005).
The CGGG motif on 5BSL3.2 is a highly conserved sequence with
rare polymorphisms (UGGG or CGGA). Based on the base substitu-
tion experiments shown in Fig. 6E and Fig. 8B, we speculate that
these mutations may not change the binding capacity of 5BSL3.2.
Interestingly, a very recently identiﬁed NS5B upstream element
(Diviney et al., 2008), which has the potential of interacting with
the bulge structure of 5BSL3.2, also contains the CGGG motif. The
pseudoknot structures are likely to be formed in the replication
complex, even with the mutated 5BSL3.2 RNA clones we analyzed,
because the nucleotides that are involved in the formation of
pseudoknots are restored in these mutated 5BSL3.2 clones. It would
be interesting to determine the degree to which the weaker binding
mutant of 5BSL3.2 RNA contributes to the suppression of the viral
replication in host cells.
In the present study, we performed a combination of SELEX and in
vitromutagenesis, and obtained RNA aptamers that can bind tightly to
NS5B and inhibit the in vitro RdRp activity. The 33-nucleotide length
stem–loop structured RNA aptamer with a bulge and an internal loop
was shown to be the essential structure for the tight binding to NS5B.
In addition to this structure, the 4-nucleotide single-stranded CGGG
motif, which is also found in the NS5B coding RNA of HCV, appears to
be essential for binding to NS5B. Whether the interaction betweenNS5B and its coding RNA (5BSL3.2) is an important step for viral
replication awaits future study.
Materials and methods
Puriﬁcation of recombinant NS5B protein
A recombinant glutathione-s-transferase (GST)-NS5B (strain BK,
genotype 1b) fusion protein was produced and puriﬁed as described
previously (Uchiyama et al., 2002). Brieﬂy, the Escherichia Coli
expression plasmid pGEX-4T-2-5bC21 was introduced into Escheri-
chia Coli BL21 (Novagen) to produce the C-terminal 21 amino acid-
truncated GST-NS5B fusion protein. Following sonication of the
bacterial pellet, the extract was puriﬁed, ﬁrst using a glutathione–
sepharose 4B column (GE Healthcare) and second using a poly(U)-
sepharose 4B column (GE Healthcare). For purifying the GST-free
NS5B protein, GST-NS5B beads were resuspended in PBS containing
50 U/ml of thrombin (Amersham Bioscience). Following incubation
overnight at 22 °C, supernatant that contained NS5B free of GST was
recovered after centrifugation of the reaction mixture. The ﬁnal
protein concentration was determined by the Bradford method (Bio-
Rad) and the qualities of the puriﬁed proteins were assessed by
SDS-polyacrylamide gel electrophoresis and Coomassie Blue stain-
ing (Fig. 4B).
Preparation of a random oligonucleotide library
The following oligonucleotide, consisting of 65 nucleotides with a
25-nucleotide randomized region ﬂanked on both sides by constant
sequences was synthesized and puriﬁed by 8% polyacrylamide-7 M
urea gel electrophoresis. 5′-GCCGGATCCGGCATGTCGAA-[N25]-
TTGAGCTATTCTGAGCTCCC-3′, where N is a random nucleotide. The
random nucleotide sequence was PCR ampliﬁed using the primers A
(5′-GCCGGATCCGGCATGTCGAA-3′) and B (5′-CCGAAGCTTAATAC-
GACTCACTATAGGGAGCTCAGAATAGCTCAA-3′, T7 promoter sequence:
underlined) by 8 cycles of PCR ampliﬁcation (2 min at 94 °C, 2 min at
55 °C, 1.5 min at 72 °C) to obtain template DNA fragments for in vitro
transcription (Fig. 1A). The initial library RNA (pool 0) was generated
by in vitro transcription using T7 RNA polymerase and the template
DNA fragments.
SELEX procedure
Approximately 1013–14 different RNA molecules were used as a
starting RNA pool (pool 0) for the selection. First, 100 μg of the GST-
NS5B protein was incubated with 200 μl of glutathione-agarose
(Sigma) in 2 ml of LG150 buffer (2 mM Tris–HCl, pH 7.5, 1 mM EDTA,
150mMNaCl, 5 mMdithiothreitol, 0.5% TritonX100, 0.2mMPMSF and
40% glycerol) for 1 h at 4 °C and washed ﬁve times with LG150 to
remove any unbound protein. After another ﬁve washes each with
binding buffer (8mMHepes, pH 7.9, 40mMNaCl, 2 mMEDTA, 0.2 mM
dithiothreitol, 0.2 mM PMSF and 1.6% glycerol), the pool of RNA was
added to the beads and allowed to bind for 15 min at 30 °C in 800 μl of
the binding buffer containing 50 μg/ml tRNA. After ﬁve washes each
with the binding buffer, RNA molecules that remained bound to the
beads were eluted by incubationwith 300 μl of proteinase K digestion
buffer (20 mM Tris–HCl, pH 7.9, 100 mM NaCl, 10 mM EDTA, 1% SDS
and 400 μg/ml proteinase K) for 30 min at 37 °C. RNA was then
phenol/chloroform extracted and ethanol precipitated. Recovered
RNA was reverse transcribed using primer A and then PCR ampliﬁed
(25 cycles; 30 s at 96 °C, 30 s at 55 °C, 45 s at 72 °C) by adding primer B.
Primers were removed from the reaction mixture by applying the
samples to Micro Bio-Spin 30 Chromatography Columns (Bio-Rad).
The recovered PCR products were used as templates for subsequent
selection cycles or digested with BamHI and HindIII to be subcloned
into pUC19 for the characterization of individual clones.
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glutathione-agarose were used. For selection cycles 3-7, to avoid the
possible contamination with the RNA molecules that bind to GST or
the agarose beads, RNA pools were preincubated with GST attached
glutathione-agarose beads and the unbound portions of the RNA
(supernatant) were used for the selection. E. Coli rRNA (ﬁnal
concentration of 40 μg/ml) was added to the binding reaction as
non-speciﬁc competitor for cycles 6 and 7.
Filter binding assays
RNA aptamers were synthesized and labeled using T7 RNA
polymerase and [α-32P]UTP (Amersham) from template DNA frag-
ments. The [32P]-labeled RNA aptamers were electrophoresed on a
denaturing gel (8% polyacrylamide–7 M urea), excised from the gel,
eluted overnight into gel elution buffer (0.5 M sodium acetate, pH 6.0,
10 mM MgCl2, 0.1% SDS and 1 mM EDTA) and recovered by ethanol
precipitation. A typical binding reaction was incubated in 80 μl with
1 nM of RNA and 30 nM of GST-NS5B in the binding buffer containing
50 μg/ml tRNA for 20 min at room temperature, and was dot-blotted
onto prewetted nitrocellulose membranes (BA85, Schleicher and
Schuell) using a Bio-Dot Microﬁltration Apparatus (Bio-Rad). After
the sample application, membranes were washed three times by
applying 250 μl of the binding buffer. Membranes were air-dried and
each dot was exposed and quantitated by a bioimage analyzer
BAS2000 (Fujix).
Introduction of point mutations into an aptamer
The highest binding clone in pool 7, P7-1, was used as the
starting material. Using doped oligonucleotides, mutations at the
rate of 0.6% were introduced in the middle 25-nucleotide region
following the method described by Kanamori et al. (1998). Primers
A and B were used to create a PCR ampliﬁed pool of mutated DNA
fragments. The PCR product was digested with BamHI and HindIII,
subcloned into pUC19 and nucleotide sequenced. Plasmids contain-
ing mutant clones that had 3 or fewer point mutations were
linearized with BamHI, and transcripts generated by T7 RNA
polymerase were analyzed.
RdRp assays
RdRp activity was measured using the polyC–oligoG system as
described previously (Uchiyama et al., 2002). Brieﬂy, reactions were
carried out in a 100 μl reaction mixture which contained 20 mM Tris–
HCl, pH 7.5, 25mMKCl, 1 mMEDTA,1mMdithiothreitol, 5 mMMnCl2,
0.01% BSA (TaKaRa), 100 U/ml RNasin (Promega), 5 μg/ml actinomy-
cin D (Nacalai Tesque), 0.4 μCi [3H]GTP (Amersham), 0.5 μg/ml poly
(C), 50 nM oligo(rG)12 and 44 nM puriﬁed NS5B. After 2 h of
incubation at 22 °C, samples were precipitated with 3 volumes of
ethanol in the presence of 10 μl of 3 M sodium acetate, pH 5.2 and 3 μl
of Ethachinmate (Nippon Gene) as a carrier and were transferred to
GF/C glass ﬁlters (Whatman). Subsequently, the ﬁlters were rinsed
with 70% ethanol and air-dried. The ﬁlter-bound radioactivity was
measured by a scintillation counter. Experiments were performed in
triplicate and the standard deviations are shown in the ﬁgures.
To analyze the RNA products produced by NS5B RdRp in the
presence of RNA templates, 200 ng of the RNA template were
incubated in the presence of 80 nM NS5B in a 100 μl reaction
containing 50 mM Tris–HCl, pH 8, 50 mM NaCl, 100 mM KCl, 1 mM
dithiothreitol, 5 mMMnCl2, 20 μg/ml actinomycin D, 20 U/ml RNasin,
10% glycerol, and 0.5 mM each ATP, CTP, GTP and UTP with 40 μCi of
[α-32P]UTP for 2 h at 25 °C. The reactionmixtures were extracted with
phenol and chloroform, and precipitated with ethanol before the
electrophoresis on an 8 M urea, 6% polyacrylamide gel (80:1
acrylamide–bisacrylamide).RNA gel electrophoretic mobility shift experiments
Synthetic RNA oligonucleotides were [32P]-labeled at the 5′-end
using T4 polynucleotide kinase and [γ-32P]ATP (Amersham). In vitro
transcribed RNA probes were either 5′-end labeled or body-labeled
using T7 RNA polymerase and [α-32P]UTP (Amersham). The [32P]-
labeled RNA probes were puriﬁed by denaturing gel electrophoresis.
Labeled RNA probes were incubated with proteins in a total of 10 μl of
the binding buffer containing 50 μg/ml tRNA for 20 min at 22 °C, then
loaded on 4% polyacrylamide gels (80:1 acrylamide–bisacrylamide
electrophoresis in 0.25× Tris borate/EDTA buffer) and run at 300 V at
4 °C. Gels were visualized by a bioimage analyzer BAS2000 (Fujix).
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